IκBα is the major regulator of transcription factor NF-κB function. The ankyrin repeat region of IκBα mediates specific interactions with NF-κB dimers, but ankyrin repeats 1, 5 and 6 display a highly dynamic character when not in complex with NF-κB. Using chemical denaturation, we show here that IκBα displays two folding transitions: a non-cooperative conversion under weak perturbation, and a major cooperative folding phase upon stronger insult. Taking advantage of a native Trp residue in ankyrin repeat (AR) 6 and engineered Trp residues in AR2, AR4 and AR5, we show that the cooperative transition involves AR2 and AR3, while the noncooperative transition involves AR5 and AR6. The major structural transition can be affected by single amino acid substitutions converging to the "consensus" ankyrin repeat sequence, increasing the native state stability significantly. We further characterized the structural and dynamic properties of the native state ensemble of IκBα and the stabilized mutants by H/ 2 H exchange mass spectrometry and NMR. The solution experiments were complemented with molecular dynamics simulations to elucidate the microscopic origins of the stabilizing effect of the consensus substitutions, which can be traced to the fast conformational dynamics of the folded ensemble.
Introduction
The NF-κB/IκB system is a core element of transcriptional regulation in all eukaryotic cells playing roles in development, cell growth and apoptosis. 1 This signaling system is misregulated in diseases such as cancer, arthritis, asthma, diabetes, AIDS and viral infections. 2 NF-κB is an inducible transcription factor whose subcellular localization and transcriptional activity are regulated by a family of inhibitor of kappa-B (IκB) proteins. 1 Despite the extensive sequence similarity between the IκB family members, each protein has different NF-κB inhibition efficiencies, a different degradation rate, and responds differently to NF-κB inducing signals. [3] [4] [5] IκBα, the major inhibitor of NF-κB function, is a single polypeptide whose sequence consists of two distinct regions: an N-terminal ∼60 amino acid residues termed the signal response region, and a Cterminal ankyrin repeat (AR) region that encompasses ∼220 residues. This latter AR region mediates the specific interaction with NF-κB dimers, as shown in the co-crystal structure of IκBα in complex with the p50/p65 heterodimer (Figure 1(a) ). 6, 7 The NF-κB/IκBα interface involves contacts with several subdomains of NF-κB, mediated by the different ankyrin repeats and a PEST sequence at the C terminus of IκBα. The surface area of the interaction is extensive, burying more than 4000 Å 2 , and all six ankyrin repeats are involved in the formation of a non-contiguous contact surface (Figure 1(b) ). 6, 7 Attempts to crystallize IκBα were unsuccessful in the absence of the NF-κB binding partner (G. Ghosh, personal communication) , and the AR domain has a strong tendency to aggregate when isolated at physiological temperature. 8 The first, fifth, and sixth ARs of IκBα display a highly dynamic character when not complexed with NF-κB, as evidenced by the extent of amide H/ 2 H exchange. 8 Thus, it has been suggested that in the "free state" of Abbreviations used: AR, ankyrin repeat; ANS, 1-Anilinonaphthalene-8-sulfonate; HSQC, heteronuclear single quantum coherence; MD, molecular dynamics; RMSD, root-mean-square deviation.
E-mail address of the corresponding author: ekomives@ucsd.edu IκBα, parts of the molecule do not form a compact fold, but rather resemble a molten globule. 8 Since this is not a characteristic of all ankyrin repeat proteins, it is unclear what characteristics of its sequence determine the folding and stability of IκBα, and how these modulate NF-κB binding and, ultimately, signaling.
AR proteins owe their name to the cytoskeletal protein ankyrin, which contains 24 tandem copies of similar repetitions of ∼33 amino acid residues. So far, over 6000 non-redundant AR proteins have been identified. Some of these contain as few as four repeats, while others contain as many as 29. 9 Family members act as signaling proteins, cytoskeletal constituents or adaptor proteins, and may be localized in the nucleus, in the cytoplasm, or may be membrane-bound or secreted. 10 The structures of 20 naturally occurring AR proteins and of five designed AR proteins have been solved. 11 In all cases, the AR domains adopt a highly similar fold: the repeats stack against each other in a linear fashion by folding into two antiparallel α-helices Figure 1 . (a) The X-ray crystal structure of IκBα (surface representation) in complex with NF-κB (ribbon representation) (PDB accession number 1NFI). 7 The dimerization domains of NF-κB p50 and p65 are shown in green and the NF-κB p65-NLS polypeptide is in red. The surface of IκBα is colored according to the NF-κB contact regions: p65-contacting residues in black, p50-contacting residues in green, non-contacting residues in blue. (b) The high-resolution structure of only IκBα from the structure of the complex in the same orientation as in (a), with a ribbon representation of the ankyrin repeats (AR), and the same coloring scheme as in (a) for the translucent surface. (c) Amino acid sequence of the ankyrin repeat domain of IκBα (67 to 287) , aligned according to each ankyrin repeat. The consensus GxTPLHLA motif is underlined.
connected by a short loop, followed by a β-hairpin that protrudes away from the helical stack. This nonglobular fold is stabilized by both intra and interrepeat interactions. Interhelical interactions both within and between repeats are predominantly hydrophobic, while H-bonding interactions occur in the β-hairpin loop region of one repeat with the adjacent repeats. This architecture results in the formation of a right-handed solenoid with a large solvent-accessible surface area. 12 Natural AR proteins are composed of degenerate repeating sequences, where no position remains strictly invariant. However, the AR fold can be specified by the probability of amino acid occurrence at each position of the known protein sequences. 13, 14 Using this approach, "consensus" designed AR proteins have been synthesized successfully. These consensus proteins display a compact AR fold and have a high level of thermodynamic stability. [14] [15] [16] [17] Kohl et al. have noted that variation of the residues outside the consensus positions also influences stability. 16 Despite the apparently modular architecture of AR domains, the equilibrium folding mechanisms of most AR models can usually be described by a twostate folding transition, which assumes that only the denatured and fully folded species are populated significantly. 18, 19 Both experiments and simulations suggest that the two-state character of the transition can be understood if the AR domains fold by a mechanism that is reminiscent of a nucleationpropagation growth. 20, 21 According to this model, once initial nucleation takes place, the different structural modules fold over it in a highly cooperative fashion. Subtle variations in the interactions between modules, however, may result in decoupling of the individual elements, giving rise to more complicated folding scenarios where partially folded intermediates can be detected. 20, [22] [23] [24] Still, our understanding of the relationship between repeat number, domain stability, inter-module coupling and protein function is incomplete.
In the case of IκBα, native topology-based models using the structure of IκBα taken from the structure in complex with NF-κB, predict that two separate folding events are necessary to attain complete folding, each encompassing the folding of roughly three consecutive ARs. 20 The folding appears to nucleate at AR2-AR3 and propagates outward to include AR1 and AR4. Folding of AR5 and AR6 occurs in the second folding transition. We present experimental evidence that IκBα displays two structural transitions: one, a non-cooperative transition under weak perturbation, and a major cooperative unfolding phase upon stronger insult. Furthermore, we show that the major structural conversion can be affected significantly by single amino acid substitutions converging to the consensus AR sequence, and that they increase the native state stability. Finally, we complement the solution experiments with molecular dynamics (MD) simulations to elucidate the microscopic origins of the stabilizing effect, which can be traced to the fast conformational dynamics of the folded ensemble.
Results

Equilibrium folding behavior of wild-type IκBα
The ankyrin repeat (AR) domain of IκBα (residues 67-287) was expressed in soluble form and purified as described. 8 The purified protein displayed a high content of α-helical secondary structure, as indicated by the far-UV circular dichroism (CD) spectrum (Figure 2(a) ). The absolute value of the CD signal was in the range expected, based on the co-crystal structure of IκBα and NF-κB. 6, 7 Moreover, it has been shown that this "free" state has as much helical signal as the NF-κB-bound form. 8 The free IκBα displayed a single sharp transition upon thermal denaturation, with a midpoint of 45.3°C (inset to Figure 2 (a); Table 1 ). During thermal denaturation, a significant CD change took place before the major transition occurred, accounting for about one-quarter of the total ellipticity difference. Unfortunately, the thermal transition was irreversible, owing to the formation of a higher-order oligomer, 8 precluding a deeper thermodynamic analysis of the data. Therefore, we report only the apparent T m for the major phase when comparing mutant forms of IκBα.
To gain insight into the equilibrium folding mechanism of IκBα, we sought conditions where the folding transitions were fully reversible. In 25 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM DTT, the refolding upon chemical denaturation was >95% reversible, as determined by CD and sizeexclusion chromatography. Denaturation curves were obtained using either urea or guanidinium hydrochloride (GuHCl) as the denaturant ( Figure  2 (b) and (c)). The CD signal changed upon addition of the denaturant and displayed a sharp transition, typical of a cooperatively folded unit. Again, as in the thermal denaturation, a significant part of the ellipticity change took place before the major transition occurred. This linear change accounted for 20% of the total amplitude when urea was used as the denaturant, and about 30% if the denaturant was GuHCl.
Despite the repeating protein architecture and the apparent complications of the folding transitions, the CD change could be fit to a simple two-state folding model, for which a linear change of the folding free energy with denaturant concentration may be assumed (Figure 2(b) (c) ). 25 Similar behavior has been observed for other repeat proteins, 18 which would suggest that only the unfolded and the fully folded ensembles are populated significantly at any given point. The ellipticity changes taking place at low concentrations of denaturant were included as a linear effect on the pre-transition baseline in the global fit (see Materials and Methods). From this fit, it was possible to extract the folding free energy in water (ΔG H2O ), the cooperativity parameter (m-value) and the pre-transition slope, which are reported in Table 1 . The values for all of these parameters are in line with those reported for other natural AR proteins of similar sizes. 18 In parallel with the sloping pre-transition, there was a small but measurable change in the intrinsic fluorescence of IκBα that is due to the single tryptophan residue in AR6 (insets to Figure 2 (b) and (c)). About 90% of the amplitude of the fluorescence change occurred below 1 M denaturant, clearly below the concentration at which the major CD change occurred. Attempts to eliminate the pre-transition by the use of additives (salt, glycerol, TMAO), or by lowering the temperature, which often stabilize native structures or increase the cooperativity of transitions, had little or no affect on the fluorescence change, which remained noncooperative (data not shown). The majority of the fluorescence signal was not reporting on the major cooperative folding transition, but instead was reporting local changes in AR6, the location of the Trp residue.
In summary, unlike other reported ankyrin repeat proteins, the free state of IκBα displays two structural transitions: a non-cooperative transition, and a major cooperative unfolding phase. We sought, therefore, to probe how each of these folding transitions is affected by mutational perturbation. 
Design and folding properties of consensus mutants
Unlike globular proteins, repeat proteins consist of several tandemly arranged structural units that adopt a similar fold. As a result, the local environments around the individual positions are expected to be structurally similar along the different repeats if the same amino acid sequence is strictly repeated.
14 However, IκBα, as any other natural AR protein, consists of repeats with different sequences (Figure 1(c) ) and, as such, the resulting folding mechanism may depend on subtle differences of the amino acid sequence and/or the protein microenvironment. 20, 24 In the case of repeat proteins, it has been shown that synthetic proteins that are coded by the conserved consensus sequence are highly stable. 15, 13, 17 Given the marginal thermodynamic stability of IκBα, mutations to the consensus residues were introduced at the sites that deviate from the strongest signatures. 18 The most prevalent signature in the ankyrin consensus is the GXTPLHLA motif at the beginning of each repeat (see Figure 1 (c)). When folded, this motif forms the framework of the β-turn protruding from the α-helical stack. We engineered single amino acid substitutions in AR2, AR4 and AR5 to conform to the consensus signature and then analyzed the folding stability and dynamics of the resulting mutant IκBα proteins.
The mutant proteins were expressed and purified in the same way as the wild-type, and eluted as single peaks corresponding to monomers in sizeexclusion chromatography. The far-UV CD spectra of the proteins were superimposable with those of the wild-type protein, indicating that the substitutions did not perturb the overall secondary structure content (Figure 2(a) ). The single-site substitutions to the GXTPLHLA consensus were all slightly stabilizing, leading to increases in apparent T m of up to 5 deg. C (Table 1 ). Similar to wild-type IκBα, thermal denaturation of all the mutant IκBα proteins was irreversible and led to formation of higher-order oligomers, suggesting a similar irreversible thermal denaturation mechanism.
In addition to thermal denaturation, chemical denaturation experiments were performed for each protein with either urea or GuHCl. The curves were fitted to the described model, and the extracted parameters are presented in Table 1 . Although the thermal transition is irreversible, the apparent T m correlates with the extracted free energy of unfolding extrapolated from the chemical denaturation experiments. This suggests that the formation of higher-order oligomers is somehow related to the overall stability of the domain. Similarly, the unfolding free energies calculated for either chemical denaturant were related, even though the absolute values differed ( Table 1) . The stronger denaturant effect of GuHCl as compared to urea has often been attributed to the marked ionic strength change upon GuHCl perturbation that may well affect the folding transitions. 25 As for the wild-type, all the mutants showed a significant slope in the pretransition baseline. The absolute value of the pretransition baseline is affected slightly by the amino acid substitutions (Table 1 ), but we found no significant correlation between the slope of the baseline and the unfolding free energy. Wild-type IκBα contains ten proline residues, three of which lie in the conserved GXTPLHLA positions of AR2, AR3 and AR6 (Figure 1(c) ). Together, the mutations that converged to the consensus positions in AR4 and AR5 caused a stabilization of about ∼2.7 kcal/mol (C186P·A220P; Table 1 ). Analysis of the single-site substitutions shows that the majority of the stabilizing effect is brought about by the substitution in AR4 (C186P), since this single mutant retains most of the energy gained by the double substitution (Table 1) . Interestingly, the most stabilizing substitution, Q111G, is located in AR2 (Table 1) . This is the only AR of the wild-type IκBα that does not have a Gly in that relative position of the consensus sequence.
Complete replacement converging to the consensus signature in AR2 through AR5 is established by combining the three substitutions Q111G,·C186P, and·A220P. This mutant showed a remarkable increase in stability when compared to the wildtype protein (Table 1) . The apparent T m was more than 10 deg. C higher than that observed for the wild-type protein, and chemical denaturation indicated that it gained 4.5 kcal/mol in the free energy of unfolding. While most of the contributions to this change could be attributed to the Q111G mutation, we note that the free energies of unfolding of the individual substitutions were additive within error for the denaturation by urea but not for the denaturation by GuHCl . Remarkably, there was a qualitative change in the folded ensemble baseline in the GuHCl denaturation curve (Figure 3(a) ). In this case, two separable components of the pretransition were observed. A transition between 0 and 1 M GuHCl was now separated by a flat region that accompanied the major cooperative unfolding transition that had shifted to a significantly higher concentration of GuHCl. Fitting these data to a three-state model gave the same ΔG H2O and m-value for the major transition as those obtained from fitting to a two-state model using only the data for the major transition (see Table 1 ).
1-Anilinonaphthalene-8-sulfonate (ANS) is an extrinsic probe that is used for characterizing conformational states of proteins. It is generally thought to monitor conformational changes and the presence of partially folded states because of its ability to bind to relatively hydrophobic pockets of proteins, but not to the native or denatured states. 26 Protein species capable of binding ANS are usually indicative of a molten-globular state, which is thought to preserve a protein core and native-like secondary structure, but lacks the tight packing of side-chains, and is more flexible than the native state. 27, 28 Under native conditions, IκBα binds ANS with a stoichiometry of about five ANS molecules per protein molecule. 8 In contrast, the stabilized mutants clearly bound less ANS, corresponding to about one less ANS binding site (data not shown). Thus, it is reasonable to assume that the stabilizing effect is related to the native state ensemble properties.
Folding properties of a deletion mutant
Unlike globular domains, repeat-based architecture suggests that large sequence deletions might be done without severely disturbing the overall fold. Terminal deletions of this kind have been assayed in some ankyrin repeat proteins, and the resulting fragments have been shown to retain a cooperatively folded structure. 21, 29 In order to dissect how the Cterminal repeats of IκBα contribute to the pretransition baselines of the folding curves, we engineered C-terminal deletion mutants. Most of the deletions resulted in insoluble protein expression (not shown), but a fragment encompassing only the first four ankyrin repeats of IκBα (residues 67-206) was soluble and could be purified to homogeneity. 30 The thermal denaturation profile of IκBα showed a cooperative, irreversible, unfolding transition with a midpoint of 45°C comparable to that of wild-type protein, except that the pre-transition baseline was flat. Reversible chemical denaturation with either urea or GuHCl gave the same ΔG H2O and m-values as the wild-type protein, except again the pre-transition baseline was flat (Table 1; Figure 3(b) ). When the chemical denaturation was done under the same conditions, the absolute value of the CD signal lost in the pre-transition baseline for the wild-type protein could be ascribed readily to the deleted terminal ankyrin repeats (Figure 3(b) ).
Spectroscopic probes
In order to develop a local probe for the folding of the N-terminal ankyrin repeats, we introduced a Trp residue into the second helix of AR2. We chose to replace Ala133 because it is located at a nonconserved position of the ankyrin fold and is expected to be protected from solvent and hence display a fluorescence change upon unfolding. The resulting protein (A133W) was expressed and purified, and the fluorescence emission spectra of both proteins are shown in Figure 4 (a). The intrinsic fluorescence signal of the wild-type IκBα emanates mainly from a single Trp residue, present in the AR6 at position 258. Its emission spectrum showed a maximum around 348 nm, indicating that the electronic environment of this Trp residue is not strongly apolar. 31 Its emission does, however, shift to higher wavelength upon denaturation, consistent with further exposure to a polar environment. On the other hand, the signal from the A133W mutant, which contains the additional Trp in AR2, displayed a high intensity that was quenched upon unfolding ( Figure 4(a) ). The emission maximum shifts to a similar extent in both proteins, indicating that the local environment of W133 is as polar as that for W258.
The urea-induced unfolding of A133W monitored by CD qualitatively resembled that of the wild-type protein: a major cooperative transition with a significant pre-transition slope (Figure 4(b) ). In contrast to what was observed for the wild-type protein, where the Trp is located only in AR6, the fluorescence change of the A133W mutant unequivocally paralleled the CD change (Figure 4(b) ). The folding parameters extracted upon fitting either set of data to the same folding model were identical ( Table 1 ). The urea-induced denaturation indicated that the mutation caused a destabilization of about ∼3 kcal/mol (Table 1) . Denaturation by GuHCl was also performed, but the destabilization caused by the mutation precluded confident fitting of the data due to the lack of a proper baseline (data not shown). Taken together, these data suggest strongly that the major cooperative folding transition involves AR2, which can be perturbed by a local mutation and monitored by an independent probe, namely, the fluorescent change of the incorporated Trp.
To further examine the contributions of the Cterminal ankyrin repeats, Trp mutations were intro- . Similar to what was observed for A133W, the mutation L205W causes a general destabilization of the fold, and its fluorescent signal change parallels the CD change ( Figure  4(c) ). In contrast, the introduction of a Trp into AR5 (C239W) does not affect the folding profile strongly, and the change in fluorescence signal with denaturant did not follow the CD change (Figure 4(d) ). Together with the deletion mutant described in the previous section, the results obtained for these mutants suggest that AR5 and AR6 do not participate strongly in the major cooperative folding phase observed for the wild-type protein.
To quantify the effects of distal mutations, we modified IκBα with both C186P·A220P in the A133W background. This triple mutant had an apparent T m that was similar to that of the wild-type protein, presumably because the destabilizing effect of the A133W is now compensated by the stabilizing C186P·A220P substitutions (Table 1 ). The urea denaturation profiles of this and the related single and double mutants are shown in Figure 4 . In all cases, the CD signal displayed a single cooperative transition with a significant pre-transition baseline (Figure 4(e) ). The curves all fit well to a two-state model accounting for the pre-transition baseline ( Table 1 ). The fluorescence change was associated mainly with W133, since it overwhelmed the signal of W258 when the experiment was done under the same conditions (Figure 4(f) ). Using the fluorescence of W133, we observed a stabilization of the pretransition slope caused by the proline substitutions in AR4 and AR5. For the cooperative transition, the parameters derived from the fitting of the fluorescence data matched closely the values derived from the CD signal, indicating that both probes were likely reporting the same folding event (Table 1) . In this case, the free energy change of the triple mutant could be approximated as the sum of the separated contributions within experimental error. In summary, the effect caused by mutation to the GXTPLHLA consensus motif in AR4 and AR5 had distinctive effects on AR2 that were detected by fluorescence changes in the Trp introduced into AR2 as well as by the major cooperative transition detected by CD.
Conformational dynamics probed by H/ 2 H exchange
Amide H/ 2 H exchange experiments followed by mass spectrometry were used to probe the solvent accessibility of different regions of wildtype IκBα and selected mutants. Similar to our previous results for IκBα(67-317), 8 digestion of the IκBα(67-287) proteins with pepsin resulted in 19 peptides that covered 74% of the sequence. It is interesting to note that, since IκBα is comprised of repeated structural elements, pepsin cleavage results in peptides spanning similar secondary structural elements for each AR, allowing direct comparison between them. 8 Wild-type IκBα and the C186P·A220P, A133W·C186P·A220P and Q111G·C186P·A220P mutants were incubated for various H/ 2 H times, and plots of the increase in deuteration over time were generated. Figure 5 compares the amide H/ 2 H exchange results for selected regions of the various mutants. Considering that ankyrin repeat proteins form elongated non-globular structures, the exchange rate of IκBα is notably asymmetric. 8 After 2 min of exchange, the β-hairpin amides of AR2 and AR3 incorporate less than one-fifth of the possible deuterons, while the equivalent regions of AR1 and AR5 incorporate four-fifths. All mutants showed the same general exchange pattern as the wild-type; however, quantifiable data on the β-hairpin of AR1 could not be obtained due to a new peptide from the C186P·A220P mutation that overlapped ( Figure 5 ). There was a small but measurable decrease in the exchange of overlapping peptides corresponding to the β-hairpin of AR5 in the C186P·A220P mutant but no difference was observed in AR4 ( Figure 5(d) versus (c) ). After accounting for the fact that mutation to proline removes one possible deuteration site, the difference corresponded to two amides that were no longer exchanging. The Q111G mutation in AR2 showed a small decrease in amide H/ 2 H exchange in the β-hairpin of AR2 ( Figure 5(e) ). The A133W mutation, also in AR2, showed small increases in exchange in the β-hairpin of AR2 as well as in the variable loop of AR1 ( Figure 5 (e) and (f)). Although the deuteration of AR6 was not quantifiable in the triple mutants, the peptide mass envelopes showed no difference in deuteration (data not shown). Thus, the mutations caused small local effects on the backbone amide exchange, but did not cause any long-range effect.
Conformational dynamics probed by NMR
The 1 H, 15 N heteronuclear single quantum coherence (HSQC) spectrum of the wild-type IκBα showed only 146 out of the possible 208 crosspeaks and widely varying line-widths and intensities, indicative of conformational exchange (Figure 6 , black). The large number of resonances observed at random coil chemical shifts was unusual when compared to results from other AR proteins. [32] [33] [34] The observed spectrum was consistent with substantial conformational heterogeneity, reflecting motions on the chemical shift timescale. 35, 36 The 1 H, 15 N HSQC spectrum of the C186P·A220P mutant ( Figure 6(a), red) was collected under the same conditions and compared to the spectrum of the wild-type protein. The proline substitutions dramatically improved the quality of the NMR spectrum. In this case, 198 of the 206 expected cross-peaks were observed. Most of the cross-peaks had narrower linewidths compared to the wild-type protein with larger decreases seen in AR4 ( Table 2) . The 1 H, 15 N HSQC spectrum of the Q111G·C186P·A220P mutant showed 202 of the 206 expected cross-peaks, similar to the C186P·A220P mutant (data not shown). These observations suggest strongly that the stabilized mutants of IκBα adopt a somewhat more compactly folded structure, having reduced conformational fluctuations.
Molecular dynamics simulation of IκBα conformational dynamics
Detailed atomistic computer simulations can help investigate the complex interactions that underlie protein dynamics. 37, 38 Aiming at a molecular description of the effects caused by making the consensus substitutions in IκBα, we undertook the simulation of the fast conformational dynamics of these proteins using an empirical force field. 39 The analysis focused on a comparison of the wild-type and the C186P·A220P mutant.
The initial coordinates of IκBα were taken from the high-resolution structure of the co-crystal of IκBα in complex with NF-κB. 7 The MD studies were performed by simulating the 213 amino acid residue protein in explicit solvent at a constant temperature of 300 K. The same protocol was followed for simulating the dynamics of IκBα C186P·A220P, for which we introduced the mutations in the designed positions. After initial equilibration, three independent trajectories were started for each protein and followed for 5 ns. The root-mean-square deviation (RMSD) of the backbone atoms for the last 2 ns of the trajectories showed significant deviations from the crystal structure (Figure 7(a) ). In all cases, the structures relaxed to an RMSD between 2 Å and 4 Å, and fluctuated around that position during the last nanoseconds of the trajectories (Figure 7(a) ). To identify if particular regions of IκBα displayed different magnitudes of fluctuation, the RMSD of each residue was calculated (Figure 7(b) ). In general, the larger fluctuations were found in residues 70-80 (AR1) and residues 250-287 (AR6), with AR6 showing the largest displacements. This can be seen also in Figure 8 , which depicts snapshots taken from the last nanosecond of each trajectory. Although the helical content is not affected strongly, the 3D structure of the protein diffuses away from its initial configuration and samples a wider conformational space. This is most prevalent at the terminal repeats, with AR6 displaying the largest fluctuations (Figure 7(b) ). In the case of the wild-type protein, three additional areas fluctuated more than 2 Å from the initial structure. These regions correspond to the loop between AR1 and AR2 (residues 95-105), and the β-hairpin regions of AR5 and AR6 (residues 210-220 and 245-255, respectively). These later regions showed somewhat reduced deviations when the dynamics of the C186P·A220P mutant were simulated ( Figures  7(b) and 8) , and can be considered to be a local effect of the substitutions. Correlated motions between residues that are not close in 3D space were identified by computing the covariation in residue motion of each C α with every other C α . After removing the contributions of the rotational and translational degrees of freedom, the covariance calculations were performed for the ensemble of structures over the last nanosecond of the trajectories (Figure 7(c) and (d) ). For the wild-type protein, the correlations reveal a central cluster of positively covarying residues (120-210), corresponding to AR2, AR3, AR4 (Figure 7(c) ). The covariance matrix of the mutant displays small changes overall. The largest differences are noticeable as an increase in the long-range correlation between residues in AR2 and AR5-AR6 (110-140, and 220-270) (Figure 7(d) ).
Discussion
IκBα is one of the major regulators of NF-κB function. Our goal in this work was to probe the structural and dynamical properties of the native state ensemble of IκBα. Aiming at a molecular interpretation of IκBα function, we characterized the folding of the IκBα ankyrin repeat region and attempted to relate it to the biological properties of its native state ensemble.
Folding to the native state ensemble of IκBα
It has been suggested that, unlike other ankyrin repeat proteins, only some of the ankyrin repeats of IκBα form a compactly folded unit when not in complex with NF-κB. 8, 40 Native topology-based landscape models based on the co-crystal structure of the IκBα/NF-κB complex predicted an initial folding transition that involved only the first three and a half ankyrin repeats. 20 A second folding transition involved the rest of the fourth, the fifth and the sixth repeats, and we speculated that this folding transition would occur only upon binding to NF-κB. We report here that the experimental folding landscape of IκBα involves two transitions: a minor non-cooperative conversion upon subtle perturbation, and a major cooperative folding event (Figure 2) .
Using stabilizing mutations and tryptophan substitutions, we were able to identify the major cooperative transition as involving the second and third ankyrin repeat, as predicted by the computational modeling. 20 Indeed, the major cooperative folding event of IκBα can be related to the formation of a stable "core" that corresponds to the compact folding of the most stable repeating elements. Others have shown that individual repeats may differ in stability, and that after formation of the core, less stable repeats may be added via a nucleationpropagation mechanism. [20] [21] [22] For IκBα, this corresponds to a region that encompasses at least AR2, AR3 and AR4, since a fluorescent probe located at the AR2-AR3 interface or at the AR3-AR4 interface parallels the major CD folding transition (Figure 4 ). These substitutions also cause a significant decrease in the overall stability of the domain (Table 1 ). This region corresponds to the repeats that show the least H/ 2 H exchange in the native state ( Figure 5 ). 8 In contrast, an analogous Trp substitution at the AR5-AR6 interface reports only a weak non-cooperative transition and does not have much affect on the protein stability.
Support for the contention that only the first four ARs contribute to the cooperative transition was obtained from studies of a protein in which all of AR5 and AR6 were deleted (IκBα ). This truncated protein displays a single cooperative folding transition, with parameters comparable to that of the wild-type protein, suggesting strongly that most of the stability of the native protein can be ascribed to the first four ankyrin repeats.
Stabilization of the IκBα fold by convergence to the GXTPLHLA consensus
Compact, crystallizable and highly stable AR proteins have been synthesized by evaluating the probability of amino acid occurrence at each position of the known AR protein sequences. 13, 14, 16, 18, 41, 42 This consensus approach identified the motifs that specify the ankyrin fold, where the most prevalent signature is the GXTPLHLA motif. 18 The suggestion that this motif was important for stability came from studies by Barrick and co-workers, where mutation of the consensus proline in each repeat of the Notch ankyrin domain resulted in a similar decreasing stability of ∼1 kcal/mol. 23 This motif is present only in AR3 of IκBα, and differs by a single amino acid residue in AR2, AR4 and AR5. Introduction of the consensus motif into any of the repeats stabilized the overall fold, with the mutation to Gly in AR2 contributing most strongly (Table 1) . Changes in stability upon substitution to the consensus in AR4 and AR5 yielded similar results when they were probed globally by CD or locally with a fluorescent signal in AR2 (Figure 4 ; Table 1 ).
The high level of conservation of the GXTPLHLA motif in natural AR proteins hints at the functional importance of this motif in AR evolution. Highresolution structures have shown that this motif forms the basis of an inter-repeat H-bond network that connects one ankyrin repeat to the next. 16 Here, we have shown that mutations in IκBα that converge to the GXTPLHLA consensus sequence have several effects. H/ 2 H exchange, NMR data and MD simulations all show that when the entire consensus is present, the amplitude of the dynamic fluctuations is lower than in native IκBα ( Figures  6-8) . Recalling that the GXTPLHLA sequence forms an inter-repeat H-bond network, mutations that strengthen this network are likely to both increase the overall stability of the protein and decrease dynamic fluctuations. These results strongly support the previous suggestion that this motif performs a key architectural role in coupling the interaction energies between different folding elements. 16 Both experiments and simulations show that repeat proteins are likely to fold via a nucleationpropagation mechanism 20, 21, 43 and, according to these models, the inter-element coupling is one of the most crucial parameters that describes the stability and cooperative behavior of the overall system. 44 In an elegant series of experiments, Barrick and colleagues have shown that both the stability and cooperativity of the Notch AR domain are influenced strongly by the number of repeats and the coupling between them. 21, 22, 45 As the number of repeats increases, both the cooperativity of the folding transition and the native state stability increase. We observed that introduction of the Pro into AR4 had a stronger effect than in AR5 (Table 1) . This observation suggests that the consensus signature in AR4 consecutively increases the stability of the domain by contributing additional interactions between AR4 and AR2-AR3. Similarly, the C186P·A220P mutant could have additional interactions between AR5 and the rest of the repeats in the core. Furthermore, the quality of the 1 H, 15 N HSQC spectrum was improved dramatically for the stabilized C186P·A220P protein, showing nearly all of the expected cross-peaks ( Figure 6) .
Results from folding studies on the stabilized mutants, the Trp mutants, and IκBα together strongly support the conclusion that the observed non-cooperative transition that occurred at low concentrations of denaturant is due to AR5 and AR6, whereas the cooperative folding unit in IκBα corresponds to AR1-AR4. Linear non-cooperative transitions have been observed in other proteins and, in some cases, these indicate downhill folding events. 46 Introduction of all three stabilizing mutations into AR2-5, caused the cooperative unfolding of the now strongly stabilized main core to be separable from the non-cooperative transition ( Figure  3(a) ). Indeed, the sequence of AR6 is the most divergent from the consensus, with only the G and P retained in the GXTPLHLA signature. This AR was not even identified as an ankyrin repeat by sequence comparisons, but was first identified when the structures of IκBα in complex with NF-κB were obtained. 6, 7 The MD simulations show that AR6 displays large fluctuations even in the stabilized C186P·A220P mutant.
Functional implications of the folding landscape of IκBα
NF-κB contacts IκBα in three discontinuous patches (Figure 1(a) ). The p65-NLS polypeptide contacts parts of AR1, AR2 and AR3, and the p50 and p65 dimerization domains contact AR4, AR5 and AR6 (Figure 1(b) ). However, the high-resolution structures do not adequately explain the binding specificity of IκBα towards NF-κB dimers, or why mutations of interface residues have little affect on the binding affinity. 40 In addition, IκBα has similar affinity towards both hetero-and homodimeric forms of NF-κB, which may be related to the folding of the partners upon binding. 47 When not in complex with IκB, the p65-NLS does not have a defined electron density. 48, 49 Here, we identified AR2-AR4 as the folded core of IκBα and this is precisely where the NLS contacts IκBα and folds into a helical structure, as seen in the crystal structure of the complex (Figure 1 ). On the other hand, AR5 and AR6, which we identified here as the "molten" regions of IκBα contact the dimerization domain of NF-κB, which is a compact immunoglobulin-like fold. Indeed, regions of both NF-κB and IκBα appear to fold upon binding. 8, 40 This mutually coupled folding / binding scenario opens the possibility of a multi-state binding reaction, where the folding depends on the intermolecular interactions. 50 Since the folding of IκBα is exquisitely dependent on the coupling of distal regions, the different IκB isoforms may present large differences in binding, despite having similar contacting residues. For example, IκBβ has an insertion of about 30 residues between AR3 and AR4, which might alter how the ARs are coupled and therefore affect the NF-κB binding energetics significantly. 51, 52 In a biological framework, the regulation of the folding events (by covalent modifications and/or binding to other molecules) could correspond to regulatory checkpoints of the signaling system. The low thermodynamic stability of the folded state may be related to the extremely short in vivo half-life of IκBα, 5 which is a crucial parameter of the overall NF-κB response. 53 We show here that the folding landscape of IκBα can be modified by point mutations, and it will be interesting to analyze the effects these have on binding activity, degradation rates, and the subsequent signaling response.
Materials and Methods
Reagents and chemicals
All the reagents used were purchased from Sigma (Sigma Aldrich, St Louis, MO) and were the maximum purity available. DNA oligonucleotides were purchased from IDT (Integrated DNA Technologies, Coralville, IA). Restriction enzymes, DNA ligase and DNA polymerase were purchased from New England Biolabs (Beverly, MA).
Protein expression and purification
IκBα(67-287) was expressed recombinantly in Escherichia coli and purified as described. 8 Mutation of the IκBα gene was done by the inverse PCR method, 54 and the entire protein-coding sequence was checked by DNA sequencing. All the mutant proteins were expressed and purified in the same manner as the wild-type protein, yielding between 5 mg and 20 mg per 1 l of bacterial culture. Protein concentration was determined by spectrophotometry using an extinction coefficient of 12,950 M −1 cm
for the proteins with a wild-type background, and 18,450 M −1 cm −1 for the proteins in A133W background, 55 and 2980 M −1 cm −1 for IκBα .
Circular dichroism
CD measurements were performed with an Aviv 202 spectropolarimeter (Aviv Biomedical, Lakewood, NJ). Mean residual ellipticity was calculated as:
where deg is the measured ellipticity, L is the pathlength in centimeters, M is the protein concentration in molarity, and #bonds is the number of peptide bonds. All the spectra were collected at a constant temperature of 25°C, unless stated otherwise.
Fluorescence
The fluorescence emission spectra were acquired in an Fluoromax-2 fluorimeter (Jobin Yvon, Edison, NJ), using a 1 cm path-length quartz cuvette, at a constant temperature of 25°C.
Equilibrium folding experiments
Folding curves were performed in an Aviv202 spectropolarimeter equipped with a Hamilton Microlab 500 titrator (Hamilton, Reno, NV). A 1 cm fluorescence quartz cuvette containing 3 ml of 1-3 μM of the native protein in 25 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM DTT, 0.5 mM EDTA, and was titrated with denatured protein (7.3-7.8 M urea or 5.3-5.8 M GuHCl in 25 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM DTT, 0.5 mM EDTA), in 30 to 40 injection steps. Samples were equilibrated with constant stirring at 80 rpm for 180-300 s at each point before data collection. The CD signal was collected at 225 nm, averaged over 10 s, and the fluorescence signal was collected through a 320 nm cut-off filter with an excitation wavelength of 280 nm, averaged over 5 s.
Folding curves were fit to a two state folding model, assuming a linear dependence of the folding free energy on the concentration of the denaturant. 56 The pre (native) and post (unfolded) transition baselines were treated as linearly dependent on the concentration of the denaturant. The data were globally fit to:
where S obs is the observed signal, p 1 and p 2 are the pre and post transition baselines, a 1 and a 2 their corresponding y-intercepts, ΔG is the folding free energy in water and m is the cooperativity parameter (m-value). Occasionally, the data were fit to a three-state model as described. 57 The data were fit using a non-linear, least-squares fitting with Kaleidagraph (Synergy Software, Reading, PA).
Amide H/ 2 H exchange
The exchange reaction for the free IκBα protein was initiated by diluting 130 μM wild-type IκBα, IκBα C186P·A220P, IκBα Q111G·A220P·C186P, or IκBα A133W·A220P·C186P, in 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM DTT tenfold into 2 H 2 O. The reaction proceeded for 0, 0.5 min, 1 min, 2 min, or 5 min at ambient temperature, and then the reaction was quenched by tenfold dilution with 0.1% (v/v) TFA at 0°C (sample pH = 2.2). A 150 μl sample of the exchange reaction was transferred immediately to 25 μl of immobilized pepsin (Pierce Biotechnology), where digestion proceeded for 5 min, and 10 μl samples of each digestion were frozen immediately in liquid N 2 , and stored at −80°C. Exchange reactions were performed in triplicate. Peptic peptides were sequenced using matrix-assisted laser desorption/ ionization (MALDI) tandem mass spectrometry (4800 MALDI Tof-Tof (Applied Biosystems) or a Q-STAR XL hybrid quadrupole time-of-flight mass spectrometer with an orthogonal MALDI source (Applied Biosystems).
Samples were analyzed by MALDI mass spectrometry using a Voyager DE-STR mass spectrometer (Applied Biosystems) as described, 58 except the matrix concentration was 4.5 mg/ml and the matrix was adjusted to pH 2.2. To minimize back-exchange, each sample was analyzed individually. IκBα spectra were analyzed as described to determine the average number of deuterons incorporated into each peptic peptide. 58 Side-chain contributions due to residual deuterium (4.5 %) were subtracted from the total number of deuterons incorporated, and only the backbone deuteration of each peptide is reported. Data were corrected for back-exchange loss of deuterons during analysis, as described, 59 ,58 using the peptide of m/z 1374.77 from wild-type IκBα after exchange for >24 h as a reference. Back exchange was 40%.
Nineteen peptides that cover 74% of the sequence were analyzed for the wild-type IκBα protein. For the C186P·A220P mutant, 13 peptides were analyzed, yielding 66% coverage. For the A133W·C186P·A220P and Q111G·C186P·A220P mutants, ten peptides yielded 56% coverage.
Nuclear magnetic resonance
NMR experiments were performed on a Bruker AMX-800 spectrometer. 
Molecular dynamics
To explore the dynamics of IκBα at a microscopic level, we performed explicit solvent MD simulations of the wildtype and a modeled C186P·A220P mutant. The starting coordinates of IκBα were obtained from the co-crystal structure of NF-κB bound to IκBα. 7 The C186P·A220P mutant was generated using the MMTSB Tool Set, 60 by substituting the wild-type residues with proline at positions 186 and 220. We solvated the wild-type and mutant structures of IκBα with TIP3P water molecules in a box of dimensions 10 Å greater than the protein itself. The resulting dimensions of the cells were 95 Å × 54 Å × 57 Å for the wild-type and 91 Å × 57 Å × 54 Å for the mutant. The final solvated protein systems contained 3264 protein atoms and 26,622 water molecules for the wild-type, and 3271 protein atoms and 26,628 water molecules for the mutant.
The all-atom CHARMM force field was used for all MD simulations of wild-type IκBα and the C186P·A220P mutant using a standard protocol under periodic boundary conditions. 61 The SHAKE algorithm fixed all bonds involving hydrogen, allowing the step size of 2 fs during the course of the MD simulations. The non-bonded interactions were truncated at 12 Å using the force shift and switch methods to smooth the electrostatic and Lennard-Jones interactions, respectively, with the Lennard-Jones switching function turned on at 10 Å. The nonbonded atom list was maintained to an interatomic distance of 14 Å and it was updated heuristically. To equilibrate the water molecules around the protein, we began by harmonically constraining the protein with a force constant of 50 kcal mol −1 Å −2 and minimizing the system for 20 steps using a steepest descent algorithm, then relaxing the force constant to 20 kcal mol −1 Å −2 and minimizing the system for 50 steps using the Adopted Basis Newton Raphson (ABNR) algorithm. Then, we applied 50 ps of initial MD starting at 48 K and ending at 298 K. For the full production run, we released the harmonic constraints on the protein and performed 5 ns of MD simulations at 300 K. Three independent simulations were performed for each protein.
